Malaria, which is caused by Plasmodium parasites, is transmitted by anopheline mosquitoes. When gametocytes, the precursor cells of Plasmodium gametes, are transferred to a mosquito, they fertilize and proliferate, which render the mosquito infectious to the next vertebrate host [1] . Although the fertilization of malaria parasites has been considered as a rational target for transmission-blocking vaccines [2] , the underlying mechanism is poorly understood. Here, we show that the rodent malaria parasite gene Plasmodium berghei GENERATIVE CELL SPECIFIC 1 (PbGCS1) plays a central role in its gametic interaction. PbGCS1 knockout parasites show male sterility, resulting in unsuccessful fertilization. Because such a male-specific function of GCS1 has been observed in angiosperms [3, 4] , this indicates, for the first time, that parasite sexual reproduction is controlled by a machinery common to flowering plants. Our present findings provide a new viewpoint for understanding the parasitic fertilization system and important clues for novel strategies to attack life-threatening parasites.
Summary
Malaria, which is caused by Plasmodium parasites, is transmitted by anopheline mosquitoes. When gametocytes, the precursor cells of Plasmodium gametes, are transferred to a mosquito, they fertilize and proliferate, which render the mosquito infectious to the next vertebrate host [1] . Although the fertilization of malaria parasites has been considered as a rational target for transmission-blocking vaccines [2] , the underlying mechanism is poorly understood. Here, we show that the rodent malaria parasite gene Plasmodium berghei GENERATIVE CELL SPECIFIC 1 (PbGCS1) plays a central role in its gametic interaction. PbGCS1 knockout parasites show male sterility, resulting in unsuccessful fertilization. Because such a male-specific function of GCS1 has been observed in angiosperms [3, 4] , this indicates, for the first time, that parasite sexual reproduction is controlled by a machinery common to flowering plants. Our present findings provide a new viewpoint for understanding the parasitic fertilization system and important clues for novel strategies to attack life-threatening parasites.
Results and Discussion GCS1 Is Highly Conserved in Plasmodium and Other Organisms Our previous study revealed that angiosperm GCS1 has an exclusive function in male fertility and that putative GCS1 genes are widely conserved in various organisms including the human malaria P. falciparum, (AAN35337) [3] . To investigate whether malaria GCS1 has a role in parasite fertilization similar to that of angiosperm GCS1, we searched for homologous sequences in the rodent malaria parasite P. berghei because this parasite is amenable to gene targeting [5] and its fertilization can be easily evaluated in vitro and in vivo [6] . As a result, the sequence PB000710.01.0 (PlasmoDB) was detected as only one putative GCS1 candidate (PbGCS1). The full-length PbGCS1 cDNA from the gamete stage was cloned and found to have an N-terminal signal sequence and a C-terminal transmembrane domain, typical of GCS1s ( Figure 1A ). Further database analysis indicated that GCS1s are present in other parasites (Cryptosporidium parvum, Leishmania major, and Trypanosoma cruzi) besides malaria parasites (P. yoelii and P. vivax) as a single-copy gene. In addition, genomes of amoeba (Dictyostelium discoideum and Physarum polycephalum) and some animal species (Monosiga brevicollis, Hydra magnipapillata, and Nematostella vectensis) also possess a GCS1-like gene. The widespread distribution of GCS1-like genes in major eukaryotic kingdoms suggests that the origin of GCS1-like genes is close to the origin of eukaryotes [3] . (Figures 1B and 1C ).
PbGCS1 Is Expressed in Male Gametocytes and Gametes
To investigate PbGCS1 expression, we generated a transgenic P. berghei expressing PbGCS1 fused with Azami Green Fluorescent Protein (AGFP) (PbGCS1::AGFP) under the endogenous PbGCS1 promoter (Figures 2A and 2B) . A subpopulation of erythrocytes infected with PbGCS1::AGFP parasites showed fluorescent signals ( Figures 2C and 2D ). The parasitized blood was incubated in gametogenesis-inducing medium [7] to observe gametocytes and gametes. The exflagellation of PbGCS1::AGFP-expressing cells (>70%) occurred 15 min after induction, indicating that PbGCS1 is expressed in male gametocytes and gametes. Due to the swift motility of male flagella, it was difficult to observe fluorescence in them. To facilitate observation of flagella, the PbGCS1::AGFP parasites were immunostained with anti-AGFP antibody. As a result, AGFP signals were detected in both exflagellating male gametes and flagella ( Figures 2E-2G ). The expression of PbGCS1 also was investigated in female gametes. The PbGCS1::AGFP transformants were incubated in gametogenesis-inducing medium under the condition in which their fertilization is inhibited by male inactivation with aphidicolin treatment, whereas females transform into functional gametes [6] . To discriminate the female gametes from AGFP-expressing cells, the transformants were immunostained with AGFP antibody and a monoclonal antibody against Pbs21, which is a marker protein for female gametes, zygotes, and ookinetes [8] . By observing more than 150 female gametes obtained from at least three independent experiments, we confirmed that all Pbs21-positive female gametes were AGFP-negative and vice versa. This suggests that PbGCS1 is not expressed in female gametes ( Figures  2H-2K ). These observations indicate that the GCS1 gene is likely to be exclusively expressed in the male gametocytes and gametes. Next, we investigated the PbGCS1 expression in ookinetes, which is a postfertilization stage. To avoid any adverse effects caused by the PbGCS1 modifications, a transgenic P. berghei expressing AGFP under the PbGCS1 promoter was generated (PbGCS1prom::AGFP) (Figures S1A and S1B available online). The transformants underwent normal asexual and sexual stage development in vivo and showed male specific AGFP expression ( Figure S1C ), whereas no fluorescent signal was detected in ookinetes ( Figure S1D ). Taken together, PbGCS1 is expressed only in male gametocytes and gametes, and its expression level is rapidly decreased after fertilization.
PbGCS1 Is Essential for Parasite Fertilization
To address the PbGCS1 functions, we generated PbGCS1(2) P. berghei ( Figure 3A ) and performed phenotypic analyses. Three independent clones (1-3, 2-5, and 3-6) were established, and the correct targeting event in each clone was confirmed by diagnostic PCR and Southern blot analysis ( Figures 3B and  3C ). The morphology of PbGCS1(2) gametocytes was indistinguishable from normal parasites ( Figure 3D ). PbGCS1(2) parasites underwent normal development of asexual blood stages and gametocyte formation in mice (further described in Table S1 ). (A) GCS1 homologs in P. berghei (Pb), P. yoelii (Py), P. falciparum (Pf), and P. vivax (Pv). Abbreviations: SP, putative signal peptide; and TM, transmembrane region. Previously identified conserved regions [3] are indicated by hatched boxes, and alignment is shown in (B). (B) Comparison of the amino acid sequences conserved among the GCS1 homologs. Identical and conserved residues are shaded black and gray, respectively. Notably, three cysteine residues are completely conserved among all homologs (asterisks). (C) A maximum-likelihood tree of GCS1 homologs. The tree includes sequences of kinetoplastids (Euglenozoa; Tb, Tc), Amoebozoa (Ppo, Dd), ciliates (Alveolata; Pt, Tt), Apicomplexa (Alveolata; Pt, Pv, Py, Pb), animals (Opisthokonta; Hm, Nv) Choanozoa (Opisthokonta; Mb), plants (green plants in Plantae; Ll, Vv, At, Os, Ppa), a green alga (green plants in Plantae; Cr), and red algae (Plantae; Cm, Gs). A deduced GsGCS1 sequence was obtained from the Galdieria sulphuraria genome project (http://genomics.msu.edu/cgi-bin/galdieria/blast.cgi). Numbers at the nodes are local bootstrap values calculated by using PhyML analyses. Bootstrap values >75% are shown at the selected nodes. Branch lengths are proportional to the number of amino acid substitutions, which are indicated by the scale bar below the tree. Abbreviations: At, Arabidopsis thaliana; Cm, Cyanidioschyzon merolae; Cp, Cryptosporidium parvum; Cr, Chlamydomonas reinhardtii; Dd, Dictyostelium discoideum; Gs, Galdieria sulphuraria; Hm, Hydra magnipapillata; Li, Leishmania infantum; Ll, Lilium longiflorum; Lm, Leishmania major; Mb, Monosiga brevicollis; Nv, Nematostella vectensis; Os, Oryza stiva; Ppa, Physcomitrella patens; Ppo, Physarum polycephalum; Tb, Trypanosoma brucei; Tc, Trypanosoma cruzi; Tt, Tetrahymena thermophila; Pt, Paramecium tetraurelia; and Vv, Vitis vinifera.
We investigated the infectivity of PbGCS1(2) parasites for mosquitoes and subsequent transmission to mice. As control knockout parasites possess wild-type PbGCS1, we generated Pbs21(2) parasites [9] and used them for this study. It is known that Pbs21(2) parasites develop normally in the blood stages and show normal infectivity for mosquitoes and transmission to mice [9, 10] . Anopheles stephensi mosquitoes were fed on infected mice carrying either PbGCS1(2) or Pbs21(2) parasites, which were then dissected for the evaluation of parasite development at day 16 postfeeding. Three independent experiments showed that oocysts (in the midgut) and sporozoites (in the salivary glands) were detected in the mosquitoes fed on mice carrying Pbs21(2) parasites. In sharp contrast, no oocyst nor sporozoite was detected in the mosquitoes fed on mice carrying PbGCS1(2) parasites (Figures 3E and 3F and Table  S2 ). When naive mice were subjected to these mosquitoes' bites, only Pbs21(2) parasites appeared in the mouse blood, indicating that development of PbGCS1(2) parasites was completely halted at the mosquito stage ( Figure 3E and Table  S2 ). These results indicate that PbGCS1 is essential for the mosquito stages of development. In P. berghei, an in vitro assay has been established that mimics the gametogenesis and fertilization taking place in the mosquito body [6] . By using this system, it was found that the efficiency of male gametogenesis in PbGCS1(2) parasites was comparable to that of Pbs21(2) parasites ( Figure 4A and Table  S1 ). In Pbs21(2) parasites, female gametes fertilized with male gametes and then transformed into ookinetes ( Figure 4A ). In PbGCS1(2) parasites, on the other hand, female gametes did not fertilize with males, resulting in 86% of female gametes, which were forming clumps, remaining unfertilized ( Figures 4A and 4C ). These results clearly indicate that PbGCS1 is involved in the interaction process between male and female gametes.
PbGCS1 Determines Male Fertility of Parasites
As shown in the analysis based on AGFP marker lines, PbGCS1 is expressed in the male gametocytes and gametes. Therefore, the fertilization failure observed in PbGCS1(2) parasites likely was attributed to male sterility. To confirm this possibility, we performed two sets of in vitro crossfertilizations between PbGCS1(2) and Pbs21(2) gametes and two sets of self-fertilizations of Pbs21(2) and PbGCS1(2) gametes as control experiments. Control experiments showed that self-fertilization of PbGCS1(2) parasites did not produce any ookinetes, whereas that of Pbs21(2) parasites did ( Figure 4B ). Because the Pbs21gene is inactive in Pbs21(2) parasites, ookinetes generated from Pbs21(2) self-fertilization did not express Pbs21 protein, which was confirmed by immunostaining ( Figure 4B and left panels in Figure 4D ). As in the first crossfertilization experiment, PbGCS1(2) female gametes were crossed with Pbs21(2) male/female gametes. As a result, Pbs21-positive (55%) and -negative (45%) ookinetes were produced ( Figure 4B and right panels in Figure 4D ). In this experiment, Pbs21-negative ookinetes were derived from self-fertilization of Pbs21(2) gametes, whereas Pbs21-positive ookinetes were only produced by crossfertilization between PbGCS1(2) (namely Pbs21[+]) females and Pbs21(2) (namely PbGCS1[+]) males. This result indicates that PbGCS1(2) female gametes are fertile and that disruption of the PbGCS1 gene does not affect the parasite development after fertilization. As the second crossfertilization experiment, PbGCS1(2) male/female gametes were crossed with Pbs21(2) females, resulting in no ookinetes ( Figure 4B and Table S3). This indicates that PbGCS1(2) males failed to fertilize with Pbs21(2) females. The fertilization failure of PbGCS1(2) males was not complemented by Pbs21(2) (namely PbGCS1[+]) females (the results of the in vitro fertilization assay are summarized in Figure S2 ). We tested the possibility that PbGCS1 may have a role in flagellum motility. The PbGCS1(2) Table S2. male gametes showed flagella motility and adhesion to surrounding erythrocytes, forming exfagellating centers, all of which were comparable to that of Pbs21(2) gametes. However, no successful entering of flagella into female gametes was observed in PbGCS1(2) (Movies S1 and S2). Taken together, we conclude that PbGCS1 has a male-specific function during the interaction with female gametes, and, therefore, that PbGCS1 is indispensable for parasite fertilization. Table S1 . (B) The Pbs21-negative (dark gray bar) and -positive (light gray bar) ookinetes resulting from each mating combination were counted. Pbs21(2)_\ and PbGCS1(2)_\ indicate self-fertilization of each line. Error bars represent mean 6 SD (n = 3). The details are shown in Table S3 . (C) Transgenic parasites cultured for 16 hr after gametogenesis induction were stained with Giemsa. Many ookinetes were observed in Pbs21(2) (exemplified by arrow in left panel), whereas clumps of unfertilized \ gametes with no ookinete are seen in PbGCS1 (2) 
GCS1-Based Fertilization May Be Highly Conserved in Various Organisms
In the present report, we show that PbGCS1, which was initially identified as a putative ortholog to angiosperm GCS1, is surely functional in malaria parasite reproduction. This demonstrates that mechanisms for parasite fertility are, at least in part, common to that of plant fertilization. It is widely accepted that the phylum Apicomplexa, including malaria parasites, is evolved from secondary endosymbiosis of red algae, from which malaria parasites acquired plastids, nonphotosynthetic chloroplasts called ''apicoplasts'' [11] . Some basic metabolic pathways of malaria parasites (for example, fatty acid synthesis and ferredoxin-dependent redox systems) are encoded by the apicoplast genome. These processes, therefore, show plant-type characteristics derived from red algal plastid metabolisms [12] . The parasite reproduction based on GCS1 probably is not derived from the engulfed red alga because we could not detect any remarkable close relationships of GCS1 genes between Apicomplexa and red algae in the phylogenetic analysis ( Figure 1C) . However, it is still possible that the fast-evolving apicomplexan genes mislead their position in the phylogenetic tree. Nevertheless, putative GCS1 orthologs also exist in amoebozoan and opisthokont species, which have not experienced the primary endosymbiosis of cyanobacteria nor secondary endosymbiosis of eukaryotic algae [13] ( Figures 1B and 1C) , suggesting that the ancestor of malaria parasites already had the GCS1 gene before the acquisition of the apicoplast by the red algal secondary endosymbiosis. Given that both plant and apicomplexan GCS1 genes are involved in fertilization, it is most likely that the original function of GCS1 was in the fertilization of the ancestral eukaryotes.
Besides the conservation of GCS1 possession, our previous study has shown that C. reinhardtii and P. polycephalum display gamete-specific GCS1 expression at the transcription level, and the expression is dramatically reduced after mating in both organisms [3] . The similar expression pattern also was confirmed in PbGCS1, where the PbGCS1::AGFP protein is expressed in male gametocytes and gametes and the expression is reduced in ookinetes, a postfertilization stage. Such a similarity in stage-specific expression of GCS1 in malaria parasites, plants, algae, and slime mold strongly suggests that GCS1 may function in a similar fashion in these organisms. If this is the case, comparative studies of GCS1 in each organism will accelerate our understanding of the mechanisms involved in fertilization. In addition, there is urgent need for effective strategies to attack parasites threatening humans. The mosquito-parasite interaction has been recognized as a target of transmission-blocking strategies. Several candidate molecules involved in this interaction have been found in gametes, zygotes, and ookinetes and have been tested for their ability to block transmission [2] . For this purpose, the gametic interaction is a novel target. It is worth exploring the possibility of whether GCS1-attacking approaches could be a new antiparasite strategy without affecting the host's reproduction because an obvious GCS1 homolog has not been detected in mammalians.
Experimental Procedures
Plasmid Construction Procedures for construction of PbGCS1::AGFP and PbGCS1prom::AGFP plasmids, and primer sequences used in this study are described in the Supplemental Data.
Generation of PbGCS1 Knockout Parasites
For disruption of PbGCS1, two P. berghei (ANKA clone 2.34) genomic fragments covering the PbGCS1 coding region were amplified with two sets of primers (GCS1-F1-HindIII/GCS1-R1-HindIII and GCS1-F2-EcoRI/GCS1-R2-BamHI). Cloning these fragments into the P. berghei targeting vector pBS-DHFR [14] resulted in the plasmid pPbGCS1-KO. The transfection, pyrimethamine selection, and dilution cloning were performed as described [15] . Three PbGCS1(2) clones (1-3, 2-5, and 3-6) from three independent transfection experiments were obtained. The expected recombination event in each clone was confirmed by diagnostic PCR. For Southern blot analyses, a DNA fragment amplified with primers (PbGCS1-F1/PbGCS1-R1) and P. berghei genomic DNA was labeled with AlkPhos Direct Labeling Kit (GE Healthcare Bioscience) and used as a probe.
Assessment of Blood Stage Development and Fertility
Thin blood films prepared from mice infected with either PbGCS1(2) or Pbs21(2) parasites were stained with Giemsa, on which parasitemia, gametocytemia, and sex ratio were calculated. To evaluate the efficiency of fertilization and subsequent development into ookinetes, infected blood was mixed with gametogenesis-inducing medium to induce gamete formation; then, the number of exflagellating males was counted at 15 min after induction. The sample was further cultured for 16 hr, when the number of ookinetes was counted. Sex-specific involvement of PbGCS1 in sexual reproduction was analyzed by a crossfertilization assay as described below.
Infectivity of Parasite for Mosquitos and Transmission to Mice
Anopheles stephensi were reared as previously described [16] and infected with parasites as described [5] . In brief, female mosquitoes (4-7 days old) were fed on mice carrying either Pbs21(2) or PbGCS1(2) parasites, and fully engorged mosquitoes were collected. Sixteen days after blood feeding, ten mosquitoes were dissected, and midguts and salivary glands were isolated. The number of oocysts on the midgut and the presence of sporozoites in the salivary glands was examined. The rest of the mosquitoes were fed on naive Balb/c mice. The transmission of parasites from mosquitoes to mice was examined by checking mouse blood smears every day for 2 weeks after the feeding.
In Vitro Crossfertilization Assay
The in vitro crossfertilization assay was performed as previously described [6] . Five ml of tail blood from a mouse infected with parasite clone A (PbGCS1 [2] or Pbs21 [2] parasites) was immediately added to 1 ml of gametogenesis-inducing medium (10% fetal bovine serum in RPMI1640, pH 8.2) containing 500 mM of aphidicolin at 21 C for 12 min to induce female gamete formation. Aphidicolin inhibits male gamete formation, whereas female gametes are formed normally. At the same time, 5 ml of tail blood from a mouse infected with clone B (PbGCS1 [2] or Pbs21 [2] parasites) was added immediately into 1 ml of gametogenesis-inducing medium at 21 C for 12 min without aphidicolin. Clone A was centrifuged, and the supernatant removed. The suspension of clone B was added to the pellet of clone A and mixed. This mixture was further incubated for 16 hr to induce fertilization and ookinete formation. The ookinete conversion rate was determined by the percentage of female gametocytes of clone A that fertilized with male gametes of clone B and transformed into ookinetes. Ookinetes were immunostained with anti-Pbs21 monoclonal antibody as described in the Supplemental Data.
Accession Numbers and Phylogenetic Study
See the Accession Numbers section for information on the PbGCS1 cDNA sequence. The accession numbers of other GCS1s are C. parvum (XP_627125), T. thermophila (XP_001030543), P. tetraurelia (XP_001431224), T. cruzi (XP_814894), T. brucei (XP_823296), L. infantum (XP_001468864), L. major (XP_843157), C. merolae (AP006493), P. polycephalum (BAE71144), L. longiflorum (BAE71142), A. thaliana (BAE71143), O. stiva (NP_001055054), C. reinhardtii (XP_001695893). V. vinifera (CAO63696), P. patens (XP_001770778), M. brevicollis (XP_001746497), H. magnipapillata (ABN45755), N. vectensis (XP_001628495), and D. discoideum (Dd1, XP_643321; Dd2, AAS45348). Phylogenetic analysis using these sequences is described in the Supplemental Data.
Accession Numbers
The GenBank accession number for the PbGCS1 cDNA sequence reported in this paper is EU369602.
Supplemental Data
Supplemental Experimental Procedures, two figures, three tables, and two movies are available at http://www.current-biology.com/cgi/content/full/ 18/8/607/DC1/.
